The membrane site responsible for anomalous rectification was determined in frog sartorius muscle fibers. Since the work by KATZ (1949) of anomalous rectification in frog muscle fibers, data accumulated have revealed many aspects of voltage-and time-dependent rectifications in the muscle fibers. In connection with the establishment of morphological details of the muscle fiber membranes, in addition to the sarcolemma, of the sarcotubular system (SANDow, 1970), i.e., the transverse tubular system (T system) and the sarcoplasmic reticulum (SR) (PEACHEY, 1965) , some of these rectifications have been ascribed to the properties of the sarcotubular system.
Since the work by KATZ (1949) of anomalous rectification in frog muscle fibers, data accumulated have revealed many aspects of voltage-and time-dependent rectifications in the muscle fibers. In connection with the establishment of morphological details of the muscle fiber membranes, in addition to the sarcolemma, of the sarcotubular system (SANDow, 1970) , i.e., the transverse tubular system (T system) and the sarcoplasmic reticulum (SR) (PEACHEY, 1965) , some of these rectifications have been ascribed to the properties of the sarcotubular system.
In intact fibers hyperpolarization and moderate depolarization cause anomalous rectification and application of constant inward current pulse causes slow increase in hyperpolarization (ADRIAN and FREYGANG, 1962) . These results have been interpreted as the properties of the K conductance which decreases with depolarization and increases at the beginning of hyperpolarization but is inactivated during hyperpolarization. The anomalous rectification has been ascribed to the inward rectifier (ADRIAN et al., 1970) and the analysis of Q10 showed (ALMERS, 1972a, b) that the inward rectifier involved a permeability change for large hyperpolarization and the depletion of K in the T system (ADRIAN and FREYGANG, 1962; BARRY and ADRIAN, 1973) for small hyperpolarization. It has been suggested that the anomalous rectification is caused by the sarcotubular system. Recent development of a glycerol treatment technique to selectively disrupt the T system (FUJINO et al., 1961; EISENBERG and EISENBERG, 1968; HOWELL, 1969) has provided a direct means of separating the events in the sarcolemma from those of the sarcotubular system. The slow hyperpolarization during constant inward current pulse has been shown to be absent in glycerol-treated fibers . However the use of glycerol treatment so far helped to locate the anomalous rectification in the sarcolemma instead of the sarcotubular system in 100mm K solutions , and more study was needed to identify the membrane components responsible for the rectifications in the muscle fiber. For these reasons this study was planned using glycerol treatment and other means. The results show that the anomalous rectification occurs in the sarcotubular system as suggested by the earlier workers and further provide some views on the mechanism of the moderate depolarization-induced anomalous rectification. Some accounts of these results have appeared elsewhere (TAKEDA and OOMURA, 1968, 1969 Figure 1 shows the records of the potential changes produced by constant current pulses in one of the control experiments using intact fibers in tetrodotoxincontaining Ringer solution at pH5.6. The relations between total current and vol- Fig. 1 . Records of potential changes (upper trace, depolarization upward) produced by constant current pulses of 1 sec duration (lower trace, outward current upward) in intact fiber in tetrodotoxin-containing Ringer solution at pH5.6. Resting potential,-87mV.
RESULTS

Intact fibers
tage at 100msec and at 1sec, respectively, of polarizations are plotted in Fig. 2 . In the acid solution under the reduced Cl conductance (HUTTER and WARNER, 1967) and in the presence of tetrodotoxin to block the Na conductance, the currentvoltage relations might represent mainly the K conductance of the muscle fibers. In Fig. 2 , as known, moderate depolarizations up to about-50mV and hyperpolarizations caused anomalous rectification and, as shown in Fig. 1 , constant inward current pulses caused slow increase in hyperpolarization (ADRIAN and FREYGANG, 1962) . Figure 2 indicates further that for potentials more negative than about-110mV, the current-voltage relation at 100msec was almost linear but that at 1sec tended to curve in the anomalous direction. Thus the amplitude of slow hyperpolarization during the pulse was first increased and then decreased with the increase in the applied hyperpolarization. This effect is seen in the records of Fig. 1 which show 'bellying' of the potential change (GAGE and EI-SENBERG, 1969) . Effects of glycerol treatment Figure 3 shows the records and Fig. 4 the total current-voltage relations of a glycerol-treated fiber in tetrodotoxin-containing Ringer solution at pH5.6. Since the contribution from the sarcotubular system should be small, if any, in glycerol-treated fibers (EISENBERG and EISENBERG, 1968) , the relations may predominantly represent the properties of the sarcolemma.
As shown in Fig. 4 the current-voltage relations for moderate depolarizations were generally linear at 100msec and at 1sec, respectively, in glycerol-treated fibers examined. The linear relations were obtained also in Ringer solutions at pH 7 and at pH7.5. These results indicate that the sarcolemmal conductance does not change normally with membrane potentials between about-90 and-50mV. Therefore the moderate depolarization-induced anomalous rectification observed in intact fibers should be caused by the sarcotubular system.
In Fig. 4 hyperpolarizations caused anomalous rectification at 100msec and at 1sec, respectively, with a greater extent in the latter. The current-voltage relations at 100msec and at 1sec, respectively, tended to curve continuously in the anomalous direction with the increase in applied hyperpolarization. As shown in Fig. 3 the amplitude of hyperpolarization during medium or large inward current pulses was decreased after reaching a peak at several tens of milliseconds. Fundamentally similar results were obtained also with Ringer solutions at pH7 and at pH7.5.
Present results confirm the finding by GAGE and EISENBERG (1969) that the slow increase in hyperpolarization observed in intact fibers was absent in glycerol-treated fibers. Further, the reduction in the amplitude of hyperpolarization after the early peak shown in Fig. 3 reveals a hyperpolarization-activated slow conductance increase of the sarcolemma, which develops with much slower time course than the inward rectifier. In intact fibers the slow conductance increase competes in effect with the slow hyperpolarization due to the inactivation of the inward rectifier and causes the bellying of hyperpolarization and anomalous curvature in the current-voltage relation at 1sec. More analysis of the sarcolemmal slow conductance increase will appear in a later paper (TAKEDA, 1975) . The absence of slow hyperpolarization in glycerol-treated fibers itself, without the examination of the current-voltage relations, may not be sufficient to conclude the sarcotubular system as the site of the inward rectifier. Figure 5B shows that the early conductance increase due to the inward rectifier is indeed abolished in glycerol-treated fibers. In Fig. 5B , two hyperpolarizing potentials which were produced by nearly the same current pulses at 5 and 10min, respectively, were compared after the return of a fiber to Ringer solution at pH 7 from a 400mM glycerol-Ringer solution. The amplitude of hyperpolarization at 10min was increased at early part of hyperpolarization where at 5min the reduction in the amplitude of hyperpolarization due to the inward rectifier was still large, while at 1sec the amplitude of hyperpolarization was little changed. The change in the resting potential at the time of the two measurements was only 1mV and by no means should affected the observed change. Figure 5A shows similarly the reduction in the potential change produced by outward current pulses in the process of glycerol treatment. Figure 6 shows in another fiber that glycerol treatment abolishes the moderate depolarization-induced anomalous rectification and the hyperpolarization-induced early conductance increase due to the inward rectifier. These results indicate that both the moderate depolarization-induced anomalous rectification and the inward rectifier occur in the sarcotubular system.
Effects of picrotoxin Figure 7 shows the records and Fig. 8 the total current-voltage relations of an intact fiber in tetrodotoxin-containing Ringer solution at pH5.6 and obtained 4 hr after the addition of 1mg/ml picrotoxin. Picrotoxin caused in intact fibers only a slight decrease in the resting membrane conductance measured with small constant current pulses. However, as shown in Fig. 8 , the current-voltage relations at 100msec and at 1sec, respectively, for moderate depolarization became linear in the presence of picrotoxin. Hyperpolarizations caused anomalous rectification at 100msec and at 1 sec, respectively, with a greater extent in the latter. The current-voltage relations at 100msec and at 1sec, respectively, tended to curve continuously in the anomalous direction with the increase in applied hyperpolarization. Hyperpolarization during medium or large inward current pulses was decreased after an early peak. Basically the similar results were obtained in Ringer solutions at pH7 and at pH7.5. These features of the current-voltage relations were very similar to those of glycerol-treated fibers in every major respects. The only difference noticed is that, while the time constant for moderate depolarization was decreased in glycerol-treated fibers as expected from the disruption of the T system, it increased in intact fibers in the presence of picrotoxin (Figs. 2, 3 , and 6), which also would be expected from the modes of action of picrotoxin. These results indicate that picrotoxin inhibits the sarcotubular conductance changes, i.e., the moderate depolarization-induced anomalous rectification and the hyperpolarizationinduced early conductance increase due to the inward rectifier. Figure 9A shows the change in the amplitudes of hyperpolarization at 145 msec and at 1sec produced with same constant inward current pulses and measured and at 1sec (filled circles) of hyperpolarization produced by the same constant current pulses after addition of picrotoxin (A), and after changing the pH from 7 to 5.6 (B).
at various times after the addition of 1mg/ml picrotoxin in an intact fiber in tetrodotoxin-containing Ringer solution at pH5.6. As seen in Fig. 9A , about onehalf hour was required for the complete inhibition of the inward rectifier with 1mg/ml picrotoxin. Figure 9B shows similar changes in the same experimental conditions after the transfer of an intact fiber from pH7 to pH5.6. In this case the changes were completed within about 10min. This experiment was done as a control for the examination of the time course of the action of picrotoxin since it represents the reduction of the sarcolemmal Cl conductance in the acid and known to be equilibrated in about 7min (HUTTER and WARNER, 1967) .
DISCUSSION
The linear total current-voltage relations of glycerol-treated fibers obtained in the present experiments indicate that the sarcolemmal conductance does not change with membrane potentials between about-90 and-50mV in normal Ringer solutions. Therefore the moderate depolarization-induced anomalous rectification observed in intact fibers, which requires less current for moderate depolarizations than near the resting potential for the same change in voltage, represents the property of some component of the sarcotubular system. The moderate depolarization-induced anomalous rectification is abolished with picrotoxin.
The abolition of the hyperpolarization-induced early conductance increase due to the inward rectifier which was observed in glycerol-treated fibers indicates that the inward rectifier is located at some component of the sarcotubular system. The hyperpolarization-induced early conductance increase due to the sarcotubular inward rectifier is also inhibited with picrotoxin. The selective abolition with picrotoxin of all the sarcotubular conductance changes examined, i.e., the moderate depolarization-induced anomalous rectification, the hyperpolarization-activated inward rectifier and the sarcotubular regenerative response (TAKEDA and OOMURA, 1970) suggests that one and the same component in the sarcotubular system (the T system or the SR) is responsible for all of these conductance changes in spite of the difference in their modes of activation. Then, if the moderate depolarizationinduced anomalous rectification is caused by the reduction in the K conductance as presently regarded (ADRIAN et al., 1970) , the action of picrotoxin to inhibit the apparent decrease in conductance in the moderate depolarization-induced anomalous rectification may be in contrast with its action to inhibit the increase in conductance of the hyperpolarization-activated inward rectifier and of the sarcotubular regenerative response. This appears rather unlikely. It is then possible that the moderate depolarization-induced anomalous rectification is caused by the electrogenic effect of the sarcotubular permeability which has an equilibrium potential at less negative than about-50mV.
If this is the case, the permeability drives the membrane potential towards depolarization during moderate depolarizations, and it would be indistinguishable from the effect of a decrease in the K conductance even under a voltage clamped condition. Then inhibition of the permeability with picrotoxin would abolish the anomalous rectification.
Present results have revealed a sarcolemmal hyperpolarization-activated slow conductance increase, which became apparent by the glycerol treatment as well as by the addition of picrotoxin. This means that the sarcolemmal slow conductance increase is not inhibited by picrotoxin. This sarcolemmal slow conductance in-crease causes the slow decrease in hyperpolarization for large hyperpolarizations and explains the bellying observed in intact fibers . More analysis on the sarcolemmal slow conductance increase will appear in a later paper (TAKEDA, 1975) .
About one-half hour was required for 1mg/ml picrotoxin to exert a maximum effect on the inhibition of the sarcotubular hyperpolarization-induced early conductance increase due to the inward rectifier. This is in contrast to the time of less than 10min required for the reduction in sarcolemmal Cl conductance with the change in the pH of the Ringer solution (HUTTER and WARNER, 1967) . These results are in accordance with the expectation that more time should be required, on morphological ground, for picrotoxin to affect the sarcotubular system than for the pH change to affect the sarcolemma, and support the view obtained from the present results that picrotoxin acts selectively on the sarcotubular system. This study is based on the experiments most of which were conducted at the Department of Physiology, Faculty of Medicine, Kanazawa University. Supported in part by grants from the Ministry of Education.
